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INTRODUCTION 

The approximate d e f i n i t i o n  o f  "s ta tes o f  cons ousness" o f  a 

subject  o r  p a t i e n t  has long in te res ted  electroencephalographers. By 

combining the  mathematical techniques o f  spec t ra l  ana lys i s  (\!alter, 

1963) and o f  m u l t i  -group d i sc r im inan t  ana lys i s  (Anderson, 1958) such 

d e f i n i t i o n s  can be s tud ied  ob jec t i ve l y .  t!e o f f e r  here an i 1 l u s t r a t i v e  

example of the power of  these methods. 

METHODS 

Spectra1 ana lys i s  (Walter, 1963) was app l ied  t o  segments o f  EEG 

recorded from fou r  normal a d u l t  human males as p a r t  o f  an extens ive 

normative 1 i b r a r y  o f  phys io log i ca l  recordings; the segments represented 

f i v e  types o f  s i t u a t i o n s  ex t rac ted  from a 1 h pre-recorded experiment. 

During the  f i r s t  type o f  s i t u a t i o n ,  the subjects  were r e s t i n g  between per iods 4 

.o f  s t ' imulat ion w i t h '  eyes closed; . the second type o f  s i t u a t i o n  

was s i m i l a r ,  except t h a t  t he  sub jec ts  had t h e i r  eyes open. 

t h i r d ,  the subj.lcts, w i th  eyes closed, were l i s t e n i n g  t o  a se r ies  o f  

tones, and had t o  respond i n t e r m i t t e n t l y  by pushing a button. I n  the 

four th  and f i f t h  types o f  s i t ua t i ons ,  the sub jec ts  viewed a se r ies  of 

s l ides ,  i n  order  t o  make a v i s u a l  d i sc r im ina t i on .  F i r s t  they viewed 

the s l i d e s  f o r  3 sec each; l a t e r ,  f o r  1 sec each; subjects  s ta ted  t h a t  

both o f  these tasks were somewhat s t r e s s f u l ,  the second one, o f  course, 

more so. 

i n  the 

There were about tw ice  as many segments o f  the f o u r t h  and f i f t h  

P 
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types o f  s i t u a t i o n s  fo r  each subject, as there  were o f  the f i r s t  three 

types, No attempt was made t o  e l im ina te  segments conta in ing  movement 

a r t i f a c t  o r  muscle in te r fe rence.  

Two d i g i t a l  computer programs3 were devised t o  c a l c u l a t e  and 

examine c e r t a i n  measurements on each EEG segment, and on the  bas i s  

s o l e l y  o f  the values o f  these measurements, t o  cons t ruc t  formulas t o  

ass ign each segment t o  the  co r rec t  type o f  experimental s i t u a t i o n .  

The measurements were der ived  from: l e f t  and r i g h t  p a r i e t o - o c c i p i t a l  

leads (P3-01 and P4-02), ve r tex  (Cg-FZ), and b i o c c i p i t a l  (01-02). 

Each channel's a c t i v i t y  was analyzed i n t o  four  frequency bands, 0,s- 

3.5 c/sec ('6'), 3.5-7.5 ( ' e ' ) ,  7.5-12.5 ( ' C Y ' ) ,  and 12.5-25.5 ( I @ ' ) ,  

In  each o f  these bands, f o r  each channel, three parameters were measured: 

'power' ( b e t t e r  c a l l e d  mean-square i n tens i t y -p ropor t i ona l  t o  the square 

of the ampli tude i f  there  i s  a dominant wave i n  t h i s  band and channel); 

the mean frequency w i t h i n  the  band (which w i l l  be c lose t o  the dominant 

one); and the band-width w i t h i n  the band (which 

i t y  o f  the dominant frequency, Rhodes, e t  a l .  

were coherences , which a re  q u a n t i t i e s  expressing 

onship between each p a i r  o f  channels, i n  each 

- 
4 

frequency i f  there  i s  

expresses the v a r i a b i  

1565). A1 so measured 

the  s t rength  o f  r e l a t  

band (Wal t e  r, 1963) . 
The d i sc r im inan t  ana lys i s  program i n i t i a l l y  considers a l l  the 

measurements f o r  a l l  the segments, and from these se lec ts  t h a t  parameter 

which can be expected t o  d i sc r im ina te  bes t  between segments recorded in  

d i f f e r e n t  s i t ua t i ons .  Then the  program reexamines a l l  the remaining 

measurements, and chooses t h a t  parameter which can be expected t o  add 

most t o  the power o f  the f i r s t  se lect ion,  It a l s o  der ives  f i v e  l i n e a r  
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formulas (one f o r  each type o f  s i t u a t i o n ) ,  based on the two se lected 

parameters; each formula i s  app l i ed  t o  the  measurements from each 

segment; f i n a l l y ,  the segment i s  categor ized as having come from t h a t  

type o f  s i t u a t i o n  f o r  whose formula i t  g ives the  h ighes t  value. The 

i t e r a t i o n  o f  examining, se lec t ing ,  and d e r i v i n g  formulas i s  repeated 

u n t i l  an a d d i t i o n a l  s e l e c t i o n  cannot be expected t o  g ive  enough 

improvement in  ca tegor i za t i on  t o  j u s t i f y  i t s  inc lus ion .  

' 

A f u l l e r  exp lanat ion  o f  d i sc r im inan t  ana lys i s  f o r  several groups 

i s  g iven i n  (Anderson, 1958); b r i e f l y ,  t h a t  parameter i s  selected, a t  

each stage, whose cond i t i ona l  d i s t r i b u t i o n s  in  the  d i f f e r e n t  types o f  

s i t u a t i o n s  (condi t ioned on a 1 o ther  se lected va r iab les )  are l e a s t  l i k e l y  

t o  d i f f e r  as much as they do The o p t i m a l i t y  o f  t h i s  choice 

i s  mathematical ly demonstrab e on l y  under var ious  no rma l i t y  assumptions 

known t o  be v i o l a t e d  t o  some ex ten t  by t h i s  data; we regard the  se lec t i ons  

made as i n d i c a t i v e  o f  worthwhile parameters f o r  f u r t h e r  study, no t  as 

d e f i n i t i v e ,  The l i n e a r  formulas, der ived  a t  each stage, a re  very  

complicated func t ions  o f  the  values o f  se lected and unselected 

parameters, whose j u s t i f i c a t i o n  must be l e f t  t o  the  experts. However, 

since these func t ions  generate the  automatic ca tegor iza t ions  reported, 

we regard them as being j u s t i f i e d  by t h e i r  f r u i t s .  

by chance. 

The d i sc r im inan t  ana lys i s  program was f i r s t  app l i ed  t o  the data f o r  a l l  

f.,ur 

app l ied  separate ly  t o  the data from each subject  (-'solo' studies). It 

may be pointed out  t h a t  such s tud ies  are  no t  small  undertakings: ~ 

approximately 1.6 m i l l i o n  vo l tage readings cons t i t u ted  the primary data, 

which were transformed i n t o  about 35,000 parameter values u t i  1 ized i n  

the d i sc r im inan t  studies. 

subjects  together  (lensemble' study); then the  same program was 
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RESULTS 

Fig.  1 shows the r e s u l t s  f o r  the 4 SO10 s tud ies  and the  ensemble 

study. These were stopped f o r  i l l u s t r a t i v e  purposes a t  an e a r l y  stage, 

when the program has se lectad on ly  fou r  parameters i n  each study, der ived  the 

f i v e  l i n e a r  formulas, app l i ed  them t o  the  measurements from 2ach segment, and 

assignzd tha segment t o  a p a r t i c u l a r  type o f  s i t u a t i o n .  

t h a t  the  t o t a l  c o r r e c t l y  c l a s s i f i e d  in  so10 s tud ies  i s  g rea te r  than the 

number so c l a s s i f i e d  in the ensemble study, fnr every type o f  s i t u j t i o n .  

This  i s  one aspect o f  the c. s t  iif genera l i z ing .  Nonetheless, the p l u r a l i t y  

o f  segments a r e  c o r r e c t l y  categor ized i n  tha t  study, f o r  f ou r  o f  f i v e  types 

o f  s i t ua t i ons ,  and a m a j o r i t y  f o r  the s i t u a t i o n s  which might be expected 

t o  be a t  l e a s t  d i s t i ngu ishab le ,  the two v i s u a l  tasks,  The p a r t i c u l a r  

d i f f i c u l t y  i n  c o r r e c t l y  recogniz ing EC-R may r e s u l t  from the  segments 

having been recorded du r ing  sho r t  r e s t  per iods between per iods o f  

s t imu la t ion ,  and o f t e n  appeared t o  conta in  mor2 alpha-wave a c t i v i t y  than 

might be expected i n  o ther  s i t u a t i o n s  o f  a l e r t ,  eyes-open r e s t .  

Many of  the e r r o r s  o f  c l a s s i f i c a t i o n  accord w i t h  the s i m i l a r i t i e s  

The Figure shows 

among the  s i t ua t i ons :  eyes-open r e s t  i s  c h i - . f l y  misc1assi f i .d as 

e i t h e r  eyes-closed - r e s t  o r  as eyes-open - discr im ina t i on ,  eyes-closed 

task  as eyes-closed r e s t ;  and the  two d i sc r im ina t i ons  a r e  c h i e f l y  

m i s c l a s s i f i 2 d  as each other .  Even w i t h  on l y  fwr parameters, a lmost 

h a l f  o f  the samples from t h s e  fou r  subjects  have been assign.?d c o r r e c t l y  
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We emphasize t h a t  no at tempt  was made t o  e l i m  
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ch they were recorded. 

na te  segments conta in ing  

non-cerebral p o t e n t i a l s  due t o  movement o r  muscle. When an o b j e c t i v e  

method o f  e d i t i n g  ou t  such segments i s  developed, no doubt our score 

w i l l  increase even a t  t h i s  e a r l y  stage, o f  on l y  f o u r  se lec t ions .  

In the ensemble study, the f o u r  va r iab les  which best  d i s t i n g u i s h  

among the f i v e  s i t u a t i o n s  are: i n t e n s i t y  ( 'power') i n  the @' band i n  

the , l e f t  p a r i e t o - o c c i p i t a l  channel, the mean frequency o f  t he  6-band 

a c t i v i t y  i n  the ver tex,  and two less  a n t i c i p a t e d  measures: 

i n  the  6 band between l e f t  p a r i e t o - o c c i p i t a l  and ver tex,  and the coherence 

in  the 6 band between l e f t  p a r i e t o - o c c i p i t a l  and the b i o c c i p i t a l  channels. 

Th is  i s  n o t  e n t i r e l y  an expected l i s t ,  bu t  f u r t h e r  examination makes i t  

more understandable. 

the coherence 

Table 1 gives, f o r  the  ensemble study, c h a r a c t e r i s t i c s  o f  some 

i n i t i a l l y  improbable parameters. Those 1 i s t e d  are  most o f  the parameters 

whose i n i t i a l  p r o b a b i l i t y  o f  being, by chance, d i s t r i b u t e d  as observed, 

was less than approximately 0.05; a f 2 w  o ther  parameters had i n i t i a l  

c k l y  e l  iminated 

n i t i a l l y  most 

p i t a 1  @ i n t e n s i t y ,  

the eyes -c 1 osed 

task  s i t u a t i o n  ( i n  which P3-01 0 i n t e n s i t y ,  as shown i n  Table I, had 

2 2 values around a mean o f  2200 p.V , w i t h  standard d e v i a t i o n  1700 pV ) ,  

from a l l  o ther  s i t u a t i o n s  (wherein i t s  mean value was 730 pV - + 725). 

I n  t h i s  f i r s t  s e l e c t i o n  step, lumping a l l  o ther  s i t u a t i o n s  i s  no t  an 

adequate summary of t he  u t i 1  i t y  o f  t h i s  parameter; the  best  summary 

eva lua tor  i s  the  p r o b a b i l i t y  shown. 

2 

probabi 1 i t  ies between 0.02 and 0.05, bu t  they were qu 

i n  l a t e r  steps, and a re  n o t  shown i n  the  Table. The 

improbably d i s t r i b u t e d  parameter was l e f t  par ie to -occ  

whose values would have served c h i e f l y  t o  d i s t i n g u i s h  
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Other parameters were q u i t e  improbably d i s t r i b u t e d  a t  the  stage 

before the f i r s t  se lec t ion .  Only b i o c c i p i t a l  o r  r i g h t  p a r i e t o - o c c i p i t a l  

eU i n t e n s i t i e s  would have served the same d i sc r im ina t i on ,  bu t  a s  can be 

seen approximately from the values given, or from the p r o b a b i l i t i e s ,  

these competing @ i n t e n s i t i e s  would no t  be expected t o  d i sc r im ina te  

q u i t e  as w e l l  a s  the se lected one. 

A f t e r  the f i r s t  s e l e c t i o n  i s  made, the p r o b a b i l i t i e s  o f  the 

remaining parameters a re  recalcu lated,  making allowance f o r  how much 

o f  t h e i r  v a r i a t i o n  could be p red ic ted  from the chosen P3-01 Q i n tens  

te rs ,  such as 01-02 CU i n t e n s i t y  and P4-02 o i n t e n s i t y ,  which a r e  we 

co r re la ted  wi th the  se lected parameter. can, o f  course, be pred ic ted  

ty. Some param, 

1 

by i t  t o  a considerable ex ten t ;  thus t h e i r  reca lcu la ted  p r o b a b i l i t i e s  

are much inel'easedi,as shown in  Table I t a .  Others, such as CZ-FZ 

8 mean frequency, o r  P 3 - O I / C Z - R  9 coherence, which a re  j u s t  ba-rely 

co r re la ted  w i t h  the  f i r s t  se lec t ion ,  a r e  l i t t l e  changed i n  ca lcu la ted  

p r o b a b i l i t y .  I t i s  i n t e r e s t i n g  t o  note, i n  connection wi th the 

d i s c r i m i n a t i o n  between EO-T-1 E -3 accomplished by CZ-FZ 8 mean frequency, 

t h a t  these t w o  v i s u a l  tasks, sa id  by t h e  subjects  t o  have been somewhat 

s t r e s s f u l ,  r e s u l t  i n  8-band a c t i v i t y  i n  the v e r t e x  becoming lower in  

frequency (pa rame t e  r C) , h i ghe r in power (pa rame t e  r E) , and na r rowe r 

i n  bandwidth (i.e., more regu la r  o r  s inuso ida l  (parameter G ) ) ,  

case, the parameter se lected second i s  the  one (CZ-FZ 9 mean frequency), 

whose cond i t i ona l  psobabil  i t y  ( o f  be ing d i s t r i b u t e d  as observed, a f t e r  

t ak ing  account o f  the  p r e d i c t a b i l i t y  from the  f i r s t  se lec t ion)  i s  the 

least .  

I n  any 
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Again the  p r o b a b i l i t i e s  o f  the remaining va r iab les  are  recalcu lated,  

t h i s  t ime tak ing  account o f  t h e i r  p r e d i c t a b i l i t y  from - both the p rev ious l y  

se lected parameters. Again, two o f  the  p rev ious l y  improbably d i s t r i b u t e d  

parameters co r rc ta ted  we l l  w i t h  t he  se lected one, so t h e i r  cond i t i ona l  

p r o b a b i l i t y  i s  cons iderably  raised, as shown i n  Table’Llb. For the  t h i r d  

se lec t ion ,  we again take the  parameter w i t h  minimum cond i t i ona l  proba- 

b i l i t y ,  which, as i t  happens, was no t  h i g h l y  co r re la ted  w i t h  any o the r  

parameters (Table r f c . ) .  F i n a l l y ,  the  f o u r t h  s e l e c t i o n  i s  made in  the  

same way; i t  i s  the  parameter which was ninth in  l i n e  i n  the  i n i t i a l  

competit ion. The t h i r d  and f o u r t h  measurements se lected by the program, 

0-band coherence between l e f t  p a r i e t o - o c c i p i t a l  and vertex, and &band 

coherence between l e f t  p a r i e t o - o c c i p i t a l  and b i o c c i p i t a l ,  both served 

t o  d i s t i n g u i s h  between the two degrees o f  s t ress,  there  being h igher  

coherence in  the  h igher  degree o f  s t ress.  He may have encountered here 

a va luable new observat ion about EEGs. To rephrase the f i n d i n g  concerning 

$-band coherence between l e f t  p a r i e t o - o c c i p i t a l  and ve r tex  records: 

the s t reng th  o f  r e l a t i o n s h i p  between the €-band a c t i v i t y  i n  tho areas 

of sub jec ts ’  scalps was s t ronger  du r ing  the per iods when they had 1 sec 

fo r  d i sc r im ina t i ons  than when they had 3 sec. 

p r e t a t i o n  might be t h a t  a deep generator o f  8 waves, perhaps the 

hippocampus, was more a c t i v e  du r ing  the  g rea te r  s t ress ;  being deep, 

i t  rad ia ted  t o  the two f a i r l y  separated leads, p a r i e t o - o c c i p i t a l  and 

vertex. The f a c t  t h a t  the f o u r t h  se lec t ion ,  6-band coherence, P3-01/ 

01-02, had i t s  u t i l i t y  ma in ly  in a i d i n g  the d i f f i c u l t  d i f f e r e n t i a t i o n  

between EO-T-3 and - 1 ,  but  i s  i n  a d i f f e r e n t  frequency band and 

l o c a t i o n  from the prev ious se lect ion,  makes i t  seem t h a t  a d i f f e r e n t ,  

a d d i t i o n a l  process has been detected, which a i d s  i n  d i s t i n g u i s h i n g  

these epochs, 

A reasonable i n t e r -  
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The record from each o f  the 4 subjects  was separate ly  analyzed i n  

With h i s  I_ own best  four the same way, w i t h  somewhat d i f f e r e n t  resu l ts .  

measurements, 62, 62, 66 or 69% o f  a s i n g l e  sub jec t ' s  samples were 

c o r r e c t l y  c l a s s i f i e d ,  as contrasted w i t h  49% f o r  the subjects  s i m u l  t a -  

neously. 

were selected: 

An even g rea te r  d i s p a r i t y  was no t iceab le  a f t e r  15 measurements 

95, 93, 96, and 90% were co r rec t  in  so lo  s tud ies  wh i l e  

f o r  the ensemble study, o n l y  65% were. A g rea t  d i s p a r i t y  i s  a l so  

not iceab le  i n  the l i s t s  o f  measurements se lected as  the best  four: Only 

one sub jec t  I s  1 i s t  contains P3-01 CX i n t e n s i t y ,  another 's  contains CZ -FZ 

8 mean f raquency, a t h i  r d  ' s  conta ins P3-O l  /G1-02 S coherence (selected, 

respec t i ve l y  l s t ,  2nd and 4 t h  i n  the ensemble study); the f o u r t h  sub jec t ' s  

1 i s t  shares no parameter w i t h  the  ensemble study 

solo s e l e c t i o n  l i s t s  conta in  CZ-FZ 8 i n t e n s i t y ,  two sub jec ts '  l i s t s  

1 ! s t .  Three sub jec ts '  

con ta in  g1-02 Q1 i n t e n s i t y ,  both o f  which were competitors i n  the 

ensemble study. Two sub jec ts '  so lo  l i s t s  con ta in  P4-02 f3 i n tens i t y ,  

which was n e i t h e r  se lected no r  competing i n  the  ensemble study. S ix  

o ther  parameters complete those se lected in some sub jec t ' s  solo study, 

none o f  them shared w i t h  the ensemble study, o r  w i t h  another 's  so lo  study. 

The present resu l t s ,  wh i l e  exp lo ra to ry ,  do appear t o  have suggestive 

imp l i ca t i ons  f o r  our ways o f  t h i n k i n g  about the  EEG, p a r t i c u l a r l y  i n  

regard t o  what frequency bands, and which features o f  a c t i v i t y  i n  those 

bands, may be usefu l  i nd i ca to rs  f o r  d i f f e r e n t i a t i n g  the EEG response t o  

var ious inputs. The u t i l i t y  o f  alpha a c t i v i t y  as an i n d i c a t o r  appears 

t o  be supported, a t  l eas t  in the ensemble s tudy.  it i s  cur ious t o  note, 
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however, tha t ,  wh i l e  three sub jec ts1  s o l o  l i s t s  conta in  alpha i n t e n s i t y ,  i n  two 

of them the- b i o c c i p i t a l  alpha i n t e n s i t y  i s  the b e t t e r  - d i s c r i m i n a t i n g  

index, and f o r  one sub jec t  o f  our four,, alpha i n t e n s i t y  was no t  a-good index a t  a1 

S i m i l a r  remarks apply  t o  the  o ther  parameters se lec ted  i n  the ensemble 

study. 

aspects of EEG a c t i v i t y  and r e a c t i v i t y  which 'genera l i ze '  across subjects  

(and hence were worthy o f  s e l e c t i o n  in the  ensemble study) a r e  seldom 

the same aspects which a r e  bes t  ind ices  when a sub jec t  i s  considered 

separately. 

solo 1 i s t s  as c o n s t i t u t i n g  s p a t i a l l y  and numer ica l l y  charac ter izab le  EEG 

' s ignatures ' ,  which show those aspects o f  EEG r e a c t i v i t y  which do no t  

'general i ze  I so broadly. 

Hence, a summary d e s c r i p t i o n  o f  the r e s u l t s  might be t h a t  those 

From the complementary p o i n t  o f  view, we may view the sub jec ts '  

Studying i nd i v idua l  sub jec ts '  records does c a p i t a l  i ze  t o  some ex ten t  

on chance va r ia t i ons .  An experimental design i n  which the  same sub jec t  

i s  re- tested on a l a t e r  day would be use fu l ,  bu t  was no t  a v a i l a b l e  t o  us 

i n  t h i s  case. I n  the  absence o f  a w ide ly  accepted method, we are 

at tempt ing t o  develop a s t a t i s t i c a l  t e s t  f o r  i n f e r r i n g  the genera l i za-  

b i i i t y  o f  these d i sc r im inan t  formulas, by removing each ease sequen t ia l l y  

from the  corpus o f  those c l a s s i f i e d ,  and t r e a t i n g  t h a t  case a s  a 

'Ire t es t samp 1 e . 
Several extensions o f  t h i s  p i l o t  study immediately suggest themselves, 

and are  being pursued, Add i t i ona l  channels and measurements a r e  being 

submitted t o  the same competit ion. 

o b j e c t i v e  d i s c r i m i n a t i o n  among sleep states, and between EEGs recorded 

dur ing  ' k o r r e c t "  and " incor rec t "  responses t o  a condi t ioned d i s c r i m i n a t i o n  

task ( a l l  in preparat ion) .  Another value o f  the  method l i e s  i n  i t s  a b i l i t y  

The method i s  be ing app l ied  t o  



t o  compare competing ana lys i s  techniques, a t  l e a s t  i n  rcgprd 

t o  t h e i r  e f fec t i veness  i n  d e f i n i n g  l%.tatesl* o f  t he  subject. Addi- 

t i o n a l  '%. parameters der ived  from our present spec t ra l  analys is ,  as we1 1 

as from more s i m p l i f i e d  a n a l y t i c  procedures, a re  be ing submitted to  

compet i t ion i n  t h i s  way, 

Many improvements and adaptat ions o f  the d i sc r im inan t  method a l s o  

suggest themselves. At_ t h i s  t ime we are  implzmenting an 

op t i on  t o  consider "d i f fe rence scores" for  each ind i v idua l ,  so t h a t  average 

values o f  a l l  parameters a re  equal ized between ind i v idua ls ,  and an op t i on  

t o  "transform" each parameter, i n  such a way as t o  b r i n g  i t s  d i s t r i b u t i o n  

func t i on  c lose r  t o  a Gaussian shape (which should improve the program's 

e f fec t i veness)  . 
The d i s c r i m i n a t i o n  program appl ied  here i n  e f f e c t  const ructs  p lanar  

surfaces ( i n  a space whose axes are  the  se lected parameters) f o r  separat ing 

the p o i n t s  which represent the EEG segments a r i s i n g  from the d i f f e r i n g  

s i t ua t i ons .  Often we can see in t e s t  p l o t t i n g s  t h a t  curved surfaces 

would b e t t e r  separate the s i t ua t i ons ,  w i t h  the  same s e l e c t i o n  o f  var iab les .  

F i t t i n g  the s implest  curved surfaces (quadra t ic  surfaces) requ i res  the 

optimum combination o f  parameter values, t h e i r  squares and products; 

programs t o  o f f e r  such func t ions  o f  parameters as a d d i t i o n a l  parameters 

a re  being w r i t t e n .  I t may be t h a t  t h i s  improvement w i l l  a l s o  reduce the  

d i s p a r i t y  between solo and ensemble c l a s s i f i c a t i o n s ,  since i t  i s  sometimes 

- 
ca 1 

the p o i n t s  represent ing a s i n g l e  sub jec t ' s  segments which i n t rude  curv 

l i n e a r l y  i n t o  the domain o f  o the r  s i t u a t i o n s '  po in ts .  A r e l a t e d  techn 

improvement, in  some app l ica t ions ,  would be automatic i nc lus ion  of the 



1'1 

proper combination o f  competing var iab les ,  which would improve bo th  the 

r e p e a t a b i l i t y  and the  g e n e r a l i z a b i l i t y  o f  p a r t i c u l a r  examples. Th is  can 

perhaps be accommodated by the  device o f  canonical var iab les ,  a l ready 

a v a i l a b l e  by manual con t ro l  o f  t he  p lanar  program. 

SUMWRY 

i n t e n s i t y  of a c t i v i t y ,  mean frequency, equ iva len t  band-width, and 

coherence values i n  four  frequency ranges ("8, 8, eV, 6") were ca lcu la ted  

f o r  four  channels o f  EEG recorded from each o f  f o u r  normal a d u l t  human 

males, in  f i v e  experimental s i t u a t i o n s ,  i nc lud ing  per iods  o f  r e s t  and o f  

a t t e n t i o n .  Stepwise d i sc r im inan t  ana lys i s  was app l i ed  t o  the ca lcu la ted  

values f o r  a1 1 sub jec ts  simultaneously t o  develop formulas f o r  automat ic  

ca tegor i za t i on  o f  records i n t o  the  s i t u a t i o n  i n  which they were recorded. 

A f t e r  se lec t i ng  on ly  four  parameters, the program c o r r e c t l y  categorized 

49% o f  the  records; the erroneous ca tegor iza t ions  were main ly  i n t o  re la ted  

s i t ua t i ons .  

When the records f rom each subject  were separa te ly  analyzed, and the  

four  parameters f o r  best  d i s c r i m i n a t i n g  h i s  own records were appl ied,  a 

h igher  p ropor t i on  o f  records was c o r r e c t l y  categorized; the parameters 

chosen on ly  p a r t i a l l y  overlapped those chosen f o r  the s imu l ta -  

neous d i sc r im ina t i on .  Thus an o b j e c t i v e  method o f  i d e n t i f y i n g  parameters 

o f  the EEG which are  important i n  d i s t i n g u i s h i n g  sub jec ts '  responses t o  

d i f f e r i n g  s i t u a t i o n s  has shown i t s  va lue f o r  developing c r i t e r i a  app l i cab le  

t o  many ind i v idua ls ;  i t  has a l s o  shown t h a t  i n d i v i d u a l s  d i f f e r  s u b s t a n t i a l l y  

i n  the  l i s t  o f  parameters most d i s t i n g u i s h i n g  f o r  t h e i r  own records. 
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RESUME 

Le prgsent a r t i c l e  d g c r i t  une analyse spec t ra le  des 616ctroencepha- 

logrammes de quatre adu l tes  mgles normaux, en reg is t rgs  au tou rs  de c inq  

s i t u a t i o n s  experimentales d i f f e r e n t e s ,  comprenant notamment des per iodes 

d ' a t t e n t i o n  e t  de rela^ckement, 

moyenne, l a  le rgeur  de bande equiva lente,  e t  l e s  cohgrences fu ren t  

L t i n t e n s i t g  de 1 'activit;, l a  frgquence 

calculges dans quatre gammes de frequences ('6, e, Q, 8 ' )  pour l e s  

quatre canaux e tud igs  sur  chacun des su je ts .  

L'analyse s t a t i s t i q u e  de ces va leurs  a permis une premiGre c l a s s i f i -  

ca t i on  des trace$ su ivant  l e s  s i t u a t i o n s  corrgspondantes. 

La Methode f u t  appl iqu;e successivement aux enregistrements de 

chaque s u j e t  a i n s i  q u ' i  1 'ensemb e. Les paramGtres ca rac te r i s t i ques  

cho is i s  pa r  l e  programme v a r i e n t  d'un s u j e t  2 1 'autre, ce q u i  met en 

evidence 1 ' i n d i v i d u a l  i s a t i o n  des rgponses. 

Les c l a s s i f i c a t i o n s  obtenues avec quatre parametres ca rac te r i s t i ques  

d e f i n i s  pour l'ensemble on t  i d e n t i f i e  avec succes 49% des s i t ua t i ons ,  

Les resul  t a t s  erronngs couvra lent  pr inc ipa lement  des :tats experimentaux 

re la t ivement  semblables. 

ind iv iduel lement  fu ren t  sensiblement me i l leures .  

Par cont re  l es  c l a s s i f i c a t i o n s  e f fec tuges  

La methode permet donc d ' i d e n t i f i e r  parmi un groupe de var iab les ,  

l e s  paramgtres s i g n i f i c a t i f s  pour l a  c l a s s i f i c a t i o n  des reponses d'un 

s u j e t  donng sur  base d'enregistrements, i nd i v idue ls ,  d'une par t ,  d'un 

ensemble d'enregistrements couvrant une populat ion,  d ' a u t r e  par t .  
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FOOTNOTES 

1. Supported in  p a r t  by var ious  federa l  agencies. Some o f  the c a l c u l a t i o n s  

were done on a d i g i t a l  computer ( S c i e n t i f i c  Data Systems, Model 930) 

by the  Data Processing Laboratory o f  the B ra in  Research I n s t i i u t e ,  

+.. . p a r t i a l l y  supported by USPHS Grau-1 through the NINDB, by 

AFOSR Contract AF 49(638) -1387, anddONR Contract  233(9(). 

and the d i sc r im inan t  computations were done on an IBM 7040-7094, by 

The spec t ra l  , 

the  Hea l th  Sciences Computing F a c i l i t y ,  sponsored by f i I H  Grant .FR-3. 

The normative l i b r a r y  ana lys i s  was supported i n  p a r t  by NASA Contract 

13-1970; we are a l s o  happy t o  acknowledge ass is tance from NASA Grant 

’ RlsG 237-62, The s t imu lus-cont ro l  devices were designed and constructed 

i n  our labora tory  by R. T. Kado and others; the  EEGs were recorded i n  

the l abo ra to r ies  o f  Dr .  P, Kel laway, Methodist Hosp i ta l ,  Houston. 

Methods o f  data a c q u i s i t i o n  and treatment a re  f u r t h e r  expla ined in  

Wal ter  e t  a1 (1366); - 
2. Present address: Department o f  Psychology, U n i v e r s i i y  o f  New Mexico, 

A 1 buque rque . 
3. Measurements made by the  spec t ra l  ana lys i s  program, NEEG, o f  which 

f u r t h e r  d e s c r i p t i o n  i s  a v a i l a b l e  from D. 0. Walter ;  stepwise d i s -  

c r im inant  ana lys i s  program, BMDO7M (Dixon, 1965) 
* 
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4. To i l l u s t r a t e  the  concept o f  coherence, suppose t h a t  the  ve r tex  

and b i o c c i p i t a l  vo l tage records were t o  be passed through t w o  

s i m i l a r  f i l t e r s ,  responding on ly  in  the 3.5-7.5 c/sec band. 

Suppose f u r t h e r  t h a t  t he  f i 1 t e r s  I output  records appeared r e l a -  

t i v e l y  s i m i l a r ,  except f o r  a phase lag; l e t  the optimum phase 

compensation be appl ied;  then the o rd ina ry  c o e f f i c i e n t  o f  

c o r r e l a t i o n  between the  f i 1 t e red  and phase-compensated f i 1 t e r  

output  records i s  t he  coherence between ve r tex  and b i o c c i p i t a l  

records i n  the  0 band. I f  i t  i s  near 1 ,  there  i s  a c lose  l i n e a r  
Im. 

r e l a t i o n s h i p  between the  records, in  t h i s  band; i f  i t  i s  near 0, 

there  i s  almost no 1 inear  r e l a t i o n s h i p  (Koopmans, 1964). 
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TABLE 1. Initially Improbable Parameters, and Their Principal Discriminations 

Prob. Par meter Twes ( 1.) Values(') 2 sed. 

0.0040 P3-01 *intensity (A) (3) EC-T/others . 2200 i2t1700/730 W2:725 

0.0043 01-02 Q intensity (8)  EC -T /o t he r s 2200 PV2'r 1500/865 PV2t920 

0.0080 CZ-FZ 8 mean freq. (C) EO-T-I&3/EC-R&EO-R 5.00 c/sec*0.30/5.29 c/sec%.31 

0.0090 P4-02 intensity (0) EC -T/other s 1560 W2t 1 180/650 W2*700 

0.0110 CZ-FZ 8 intensity (E) EO-T-1&3/EC-R&€O-R 1080 c1V2z1 100/314 W2t22U 

0.0120 P3-OI/CZ-FZ 8 coherence (F) EO-T-l/EC-R,EO-R&EO-T-3 0.13~0.11/0.05~0.06 

0.0130 CZ-FZ €3 bandwidth (G) EO-T-l&j/EC -R&EO-R 2.23 c/sece. 5 w.61 c/sec?O, 5 .  

0.0470 P4-02/01-02 8 coherence (H) EO-T-l/EO-T-3 o.12"1;0,12/0.07~0.08 

O.O5lO P3-01/01-02 6 coherence ( 1 )  EO-T-l/EO-T-3 0.23$,0.1~/~~14~0.11 

(1) 

(2)  

(3) 

Types o f  situations which the parameter would chiefly serve to discriminate, i f  
se 1 ect ed . 
Values of  indicated parameter in the two types (or groups o f  types) of situations 
given in previous column. 
The letters are arbitrary labels, given here to assist the reader in following 
later tables. 

TABLE I I ,  Distribution Probabilities of Initially Improbable Parameters, 

Part a, Probabilities after allowing for first selection (P3-01 
after Allowing for Optimum Prediction by Selected Parameters. 

cr intensity) 
P rob. P a r ame t e r 

0.0060 CZ-FZ 8 intensity . (C) selected 
0.0130 P3-Ol/CZ-FZ 9 coherence (F) 
0.0200 CZ-FZ 6 intensity (€1 
0.0202 CZ-FZ 8 bandwidth (G 1 
0,0400 P3-01/01-02 6 coherence ( 1 )  
0.0500 P4-02/01-02 9 coherence (H) 
0.1700 01-02 CY intensity (B)  ignored hereafter 
0.3700 P4-02 Q intensity ( 0 )  ignored hereafter 

0.0150 P3-0IICZ-FZ e coherence (F) selected 
0.0400 P3-01/01-02 6 coherence ( 1 )  
0.0505 Pb-02/01-02 6 coherence (H) 
0.2000 C Z - F Z  8 intensity (E) ignored hereafter 
0.5000 CZ-FZ 8 bandwidth (G) ignored hereafter 

0.0400 P3-01/01-02 6 coherence ( I )  selected 
0.0500 P4-02/0 1-02 6 coherence (H) 

Part b. After allowing for 2 first selections (P3-01 intensity and CZ-FZ intensit 

Part c. After 3 selections 



Figure 1. D i s t r i b u t i o n  o f  EEG segments by an automat ic d i s c r i m i n a t i o n  

program. Segments recorded in 5 s i t ua t i ons :  EC-R, eyes 

closed, r e s t  per iods (34 segments); EO-R, eyes open, r e s t  

(32 segments); EC-T, eyes closed, 1 i s ten ing  t o  tones t o  which 

a response i s  i n t e r m i t t e n t l y  requi red (40 segments); EO-T-3, 

eyes open, examining s l i d e s  exposed f o r  3 sec each, t o  make 

a s i ze  d i s c r i m i n a t i o n  (80 segments); EQ-T-1, the same, w i t h  

1 sec exposure (78 segments). F ive re la ted  s tud ies are 

I 

summarized: i n  4 ' s o l o 1  s tud ies,  each sub jec t ' s  records 

were evaluated separately,  and the 4 parameters which would 

best categor ize h i s  records were selected; i n  the other, 

#ensemble' study, records from a1 1 subjects  were t rea ted  

as i f  from a s i n g l e  subject, and the 4 parameters which 

would best categor ize them a l l  were selected. The rows 

o f  bars o f  the F igure represent the type o f  s i t u a t i o n  i n  

which the  segments were reco'rded; the columns represent 

the ca tegor iza t ions  made on the bas is  o f  the se lected 

Parameters, op t ima l l y  weighted and combined, i n  the attempt 

t o  i m i t a t e  the ac tua l  type; thus, bars on the diagonal 

(out1 ined heav i l y )  represent co r rec t  categor izat ions.  

As indicated, the s ing le  shading represents the sum o f  

ca tegor iza t ions  made in the 4 so lo  s tud ies  ( f o r  instance, 

a t o t a l  of 29 segments out of the 40 recorded dur ing  EC-T 

were c o r r e c t l y  so categor ized in solo studies) ,  wh i le  the 

cross shading represents the ca tegor iza t ions  o f  the enxemble 

study (19 o f  the  same 40 c o r r e c t l y  so categor ized i n  t h a t  study). 



ACCURACY OF AUTOMAT/C CLASS/F/CAT/ON 

TYPE OF s / ru . r /oN /Nro WHICH smmvrs WERE CLASSIFIED 
BY BEST' COMB/NAT/ON OF 4 BZST' PARAMETERS 
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*BEST BY CR/ TER/A FOR SJZP- WISE D/SCR/M/NANT ANALYS/S 
SUM OF FOUR SOLO srums 
R E w r  OF ZNSEM~LE sruw 


